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A DNA unwinding factor involved in DNA replication in cell-free
extracts of Xenopus eggs
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Background: Alteration of chromatin structure is a key step in various aspects
of DNA metabolism. DNA unwinding factors such as the high mobility group
(HMG) proteins are thought to play a general role in controlling chromatin
structure and a specific role in controlling DNA replication. For instance, in the
in vitro simian virus 40 replication system, minichromosomes containing
HMG-17 replicate more efficiently than those without it, suggesting that 
HMG-17 enhances the rate of replication of a chromatin template by unfolding
the higher-order chromatin structure. At present, however, only limited data
suggest an involvement of DNA unwinding factors in DNA replication.
Results: We purified from Xenopus eggs a novel heterodimeric factor, termed
DNA unwinding factor (DUF), that consists of 87 kDa and 140 kDa
polypeptides. DUF unwinds closed-circular duplex DNA in the presence of
topoisomerase I, but it does not possess a DNA gyrase activity: it does not
introduce negative supercoils into DNA at the expense of ATP hydrolysis.
Cloning and sequencing of the cDNAs encoding the two polypeptides revealed
that the 87 kDa polypeptide is homologous to a mammalian HMG protein,
T160/structure-specific recognition protein. The 140 kDa polypeptide is
homologous to yeast Cdc68, a protein that controls the expression of several
genes during the G1 phase of the cell cycle by modulating chromatin structure.
Immunodepletion of DUF from Xenopus egg extracts drastically reduced the
ability of the extract to replicate exogenously added sperm chromatin or
plasmid DNA.
Conclusions: We propose that DUF plays a role in DNA replication in Xenopus
egg extracts.
Background
Alteration of chromatin structure is a key step in various
events such as transcription and replication. High mobility
group (HMG) proteins, which contain one or more 
80-amino-acid DNA-binding motifs called HMG domains
[1], are well known factors that induce unwinding or
bending of DNA [2–4]. HMG proteins were first identified
as abundant non-histone proteins in eukaryotic chromatin
and were divided into two classes, sequence-specific tran-
scription factors and structure-specific chromatin-associ-
ated proteins [2,5]. The former bind to double-stranded
DNA in a sequence-specific manner [6,7]; the latter bind
to DNA with little sequence specificity and instead recog-
nize altered DNA conformation [8,9]. It is believed that
structure-specific chromatin-associated HMG proteins may
play a general role in regulating transcription and DNA
replication [10,11]. For instance, two members of this class,
HMG-14 and HMG-17, are candidates for generators of
transcriptionally active chromatin [12,13]. It has been 
suggested that they increase the accessibility of target
sequences to components of the transcriptional apparatus
by disrupting chromatin structure [13]. Changes in chro-
matin structure also influence the process of chromatin
replication [14]. In the in vitro simian virus 40 (SV40) repli-
cation system, minichromosomes that contain HMG-17
replicate more efficiently than those without HMG-17
[11]; HMG-17 may enhance the rate of replication of a
chromatin template by unfolding the higher-order chro-
matin structure.
CDC68 (also known as SPT16) is a yeast gene that is
required at the control point of the G1 phase of the cell
cycle (START) [15]. CDC68 affects the transcription of a
number of apparently unrelated genes in both positive
and negative ways [16,17]. Most Spt proteins (of which
Cdc68 is one) are thought to play an important role in reg-
ulating transcription through chromatin remodeling
[18,19]. When bound to Pob3, Cdc68 has been shown to
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interact with Pol1, the catalytic subunit of DNA poly-
merase α of budding yeast [20], suggesting a role in DNA
replication. Pob3 is homologous to the amino-terminal
three quarters of the mammalian HMG proteins T160 (a
mouse protein that binds to V(D)J recombination signal
sequences) and structure-specific recognition protein
(SSRP1; a human protein that shows high affinity for cis-
platin-modified double-stranded DNA) [21,22].
In the present study, we isolated from Xenopus egg extracts
a heterodimeric factor (DUF) that unwinds duplex DNA
in the presence of eukaryotic topoisomerase I. Xenopus egg
extracts can efficiently replicate various kinds of exoge-
nous DNA in a semiconservative manner [23]. Immun-
odepletion of DUF from Xenopus egg extracts reduced
DNA replication. Cloning and sequencing the cDNAs
encoding the two polypeptides of DUF revealed that one
is homologous to the mammalian HMG protein
T160/SSRP1, and the other to Saccharomyces cerevisiae
Cdc68. This is the first report of the involvement in DNA
replication of an HMG protein in a complex with a trans-
cription-regulating protein.
Results
Purification of DUF from Xenopus egg extracts
We purified a factor that unwinds DNA from Xenopus egg
extracts by tracking an activity that introduces negative
supercoils into relaxed closed-circular duplex DNA through
six successive column chromatographies (Figure 1a). The
activity in each fraction that introduces negative supercoils
into duplex DNA in the presence of eukaryotic topoiso-
merase I was measured using the method of Dean and
Hurwitz [24]. To detect the activity, a relaxed closed-circu-
lar duplex-DNA substrate was prepared by treatment of
supercoiled duplex DNA (form I) with eukaryotic topoiso-
merase I (Topo I). When a factor that negatively twists
DNA is incubated with relaxed closed-circular duplex DNA
in the presence of Topo I, negative twists are introduced at
the site at which the factor was bound, and compensating
positive twists are introduced in the rest of the DNA. Topo
I relaxes the positive twists but cannot relax the negative
twists, which remain in the DNA even after protein is
removed. We treated DNA with each fraction in this way
and measured the superhelicity of the DNA by elec-
trophoresis in an agarose gel containing chloroquine phos-
phate, which introduces positive superhelicity to duplex
DNA and thereby separates relaxed circular DNA from
nicked circular DNA. The mobility of closed-circular DNA
with negative superhelicity is lower than that of the DNA
without negative superhelicity [25], allowing measurement
of the amount of unwinding activity. Figure 1b shows the
protein composition of the active fractions obtained from
each purification step. Polypeptides with molecular masses
of 140 kDa and 87 kDa (Figure 2a,c) were co-purified with
the unwinding activity (Figure 2b,d). The activities of the
products of the fifth and sixth purification steps are shown
in Figure 2b and 2d. Densitometric scanning of the SDS
polyacrylamide gel showed the molar ratio of the two
polypeptides to be 1:1. In gel filtration chromatography, the
two polypeptides elute as a single band with an apparent
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Figure 1
Purification of DUF from Xenopus egg extracts
by successive column chromatographies.
(a) Chromatographic scheme of DUF
purification. For abbreviations see Materials
and methods section. (b) Active fractions at
each column chromatographic step were
analyzed by SDS–PAGE and the proteins
were visualized by Coomassie blue staining. 
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molecular mass of 250 kDa (data not shown). This suggests
that they form a heterodimeric complex, which we call
DNA unwinding factor (DUF). About 70 µg purified DUF
was routinely obtained from 100 ml egg extract.
The unwinding activity of DUF
The unwinding activity of purified DUF was then charac-
terized further. In the presence of Topo I, DUF reduced
the average positive superhelicity of closed-circular DNA in
chloroquine gels (Figure 3a). When Topo I was omitted
from the reaction mixture, no unwinding activity was
detected (Figure 3a, lane 2), indicating that DUF is not
itself a gyrase (a protein that can introduce negative super-
coils into duplex DNA without the aid of Topo I). The
unwinding activity of DUF is detected both in the presence
and absence of ATP (Figure 3a, lanes 3 and 4), just as for
HMG proteins that have the ability to wrap duplex DNA
around themselves [2–4]. We calculated the difference in
the linking number, a measure of superhelicity, between
relaxed DNA and supercoiled DNA [24]. DUF (0.5 µg or
2.1 pmol) removed about 1.5 helical turns from DNA
(0.2 µg or 0.07 pmol). The extent of supercoiling increased
with increasing concentrations of DUF together with a fixed
concentration of relaxed closed-circular DNA (Figure 3c). It
is estimated from Figure 3c that one helical turn is removed
from one mole of DNA by 15 moles of DUF. Unwinding
was also observed when the template DNA was replaced by
other types of relaxed closed-circular double-stranded DNA,
such as pUC18, pBR322, φX174, ColE1, or M13 (Figure 4),
suggesting that DUF has a low DNA-sequence specificity .
Molecular cloning of DUF
We cloned and sequenced DUF-encoding cDNAs that we
identified by peptide sequencing and degenerate oligo-
nucleotide screening. Sequence analyses of cDNA clones
of the 87 kDa polypeptide (DUF87) predicted DUF87 to
have 693 amino-acid residues with a calculated molecular
mass of 78.8 kDa. A stretch of 76 amino acids located in
the carboxy-terminal region shows 50% identity to an
HMG box in the human HMG1 protein. A sequence
homology search revealed that DUF87 shares 70% iden-
tity with mouse T160 [21], a protein that binds to
immunoglobulin V(D)J recombination signal sequences,
and its human homologue SSRP1 [22] (Figure 5a), which
shows high affinity for cisplatin-modified double-stranded
DNA. We also found that the amino-terminal three-quar-
ters of DUF87 shares 35% identity with the entire length
of the yeast protein Pob3, a protein that binds specifically
to Pol1, the catalytic subunit of S. cerevisiae DNA poly-
merase α [20]. Because HMG proteins are known to intro-
duce negative supercoils into closed-circular duplex DNA
in the presence of eukaryotic topoisomerase I [2–4], the
homology of the 87 kDa subunit of DUF with HMG pro-
teins suggests that it may play a major role in introducing
negative supercoils into duplex DNA.
The 140 kDa polypeptide (DUF140) has a predicted 1036
amino-acid residues with a calculated molecular mass of
118.3 kDa (Figure 5b) and has a region rich in acidic
amino acids. DUF140 shows 30% homology to the Cdc68
protein of S. cerevisiae, which has been shown to regulate
the transcription of a number of apparently unrelated
genes during G1 [16] and to interact with the Pol1 protein
[20]. These results suggest that DUF may play a role in
DNA replication.
Immunodepletion of DUF from Xenopus egg extracts
reduces DNA replication
To examine the role of DUF in DNA replication in
Xenopus egg extracts during S (DNA synthesis) phase, we
Research Paper  DNA unwinding factor in Xenopus egg extracts  Okuhara et al.    343
Figure 2
The last two steps of DUF purification.
Fractions from (a) heparin–5PW column
chromatography and (c) hydroxyapatite
chromatography were analyzed by 7.5%
SDS–PAGE and the proteins were visualized
by Coomassie blue staining. The ability of the
heparin fractions and hydroxyapatite fractions
to introduce negative supercoils into duplex
DNA are shown in (b) and (d), respectively. A
5µl aliquot of each 200µl fraction was used to
assay for unwinding. R, relaxed closed-circular
duplex DNA; FII and FIII, form II (nicked circular
duplex) DNA and form III (linear duplex) DNA,
respectively. Bands appearing between R and
FII indicate the products of unwinding.
(d)
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raised polyclonal and monoclonal antibodies against
DUF140 and DUF87, respectively. The affinity-purified
antibodies specifically recognize the correct proteins in
Xenopus egg extracts (Figure 6a). Immunodepletion with
the anti-DUF140 antibody removed most of the DUF140
along with the majority of the DUF87 from egg extracts
(Figure 6b, ‘depleted’ lane). When the extracts were pre-
treated with anti-DUF140, their ability to replicate added
sperm chromatin was reduced to 5–25% of the control
level (Figure 7a,b). When purified DUF was added to the
DUF-depleted extracts, DNA replication was restored to
approximately 75% of the control level (Figure 7b). The
purified DUF fraction from which DUF had been
depleted with anti-DUF140 antibody could not restore
DNA replication in DUF-depleted egg extracts (data not
shown), which shows that any contaminants in the puri-
fied DUF fraction could not be responsible for the recov-
ery of DNA replication in DUF-depleted egg extracts.
The defect in DNA replication could also be partially
restored by the re-addition of proteins eluted from anti-
DUF140 immunoaffinity beads (data not shown).
Together, these results suggest that the reduction in DNA
replication in DUF-depleted extracts was caused by the
removal of DUF itself. 
Alkaline CsCl density gradient centrifugation revealed
that most of the synthesized DNA arose by de novo syn-
thesis rather than repair-type synthesis and that the
overall amount of DNA synthesis was decreased by
immunodepletion of DUF (Figure 7c). Addition of puri-
fied DUF partially restored DNA synthesis and this syn-
thesis was shown to be mainly of the replicative (de novo)
type (Figure 7c). Cell-free Xenopus egg extracts can cat-
alyze replication of exogenously added plasmid DNA
[26,27]. The levels of replication intermediates of plasmid
DNA, visualized as arcs in two-dimensional agarose gel
electrophoresis [28,29], were specifically diminished when
S-phase extracts were pretreated with anti-DUF140
(Figure 7d). In contrast, the incorporation of [α-32P]dCTP
into linear DNA, which might result from repair-type
DNA synthesis using nicked-duplex DNA contaminants
in the DNA preparation (shown as a straight line in
Figure 7d), was not reduced by immunodepletion of
DUF. This result confirms the results of alkaline CsCl
density gradient centrifugation: DUF is required for DNA
synthesis of the replicative type.
Wittmeyer and Formosa [20] reported that the yeast pro-
teins Cdc68 and Pob3, which are homologous to DUF140
and DUF87, respectively, physically interact with Pol1.
The amount of DNA polymerase α primase activity in
DUF-depleted egg extracts was estimated by measuring
the incorporation of [α-32P]dCTP into single-stranded
M13 DNA. Incorporation was not reduced by immuno-
depletion of DUF (data not shown), showing that the
reduction of DNA replicating activity in DUF-depleted
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Figure 3
The unwinding activity of DUF. (a) The ability of purified DUF (0.5 µg)
to induce negative supercoiling in relaxed closed-circular DNA (0.2 µg)
was assayed in the presence or absence of calf thymus topoisomerase
I (Topo I) and ATP. ∆L, change in the average linking number,
compared to that of lane 1. R, relaxed closed-circular duplex DNA. FII
and FIII as in Figure 2. (b) Densitometric scans of lanes 1 and 3.
(c) Influence of DUF concentration on the unwinding activity. The same
experiment as in lane 3 of (a) was carried out with various
concentrations of DUF and the difference in the average linking
number plotted against the amount of DUF.
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extracts did not result from the removal of DNA poly-
merase α but from removal of DUF itself.
DUF is not required for nuclear assembly 
It is well known that nuclear assembly is essential for chro-
mosomal replication in Xenopus egg extracts [23,30]. To
investigate the possible function of DUF in nuclear enve-
lope formation, demembranated sperm chromatin was
incubated with the DUF-depleted or mock-depleted egg
extracts for 90 minutes and then observed under a micro-
scope. In DUF-depleted extracts, nuclear envelope forma-
tion occurred in a manner indistinguishable from that in
mock-depleted extracts, although loss of DUF immunos-
taining and the absence of DNA replication were obvious
in the DUF-depleted extracts (Figure 8a). To confirm the
assembly of intact nuclear envelopes, we added rho-
damine-conjugated goat immunoglobulin G to the egg
extract containing reconstituted nuclei and found that it
was excluded by the nuclei assembled in DUF-depleted
extracts (Figure 8b). The number of nuclei formed in
DUF-depleted extracts was estimated to be almost identi-
cal to that in mock-depleted extracts. These results indi-
cate that DUF is not involved in nuclear assembly. 
Discussion
Unwinding of DNA by DUF
Unwinding of duplex DNA has been believed to be impor-
tant for the regulation of DNA replication or transcription
because it results in altered chromatin structure. One
important role of HMG proteins is in unwinding chromoso-
mal DNA. We have purified a novel heterodimeric factor,
DUF, from Xenopus egg extracts. DUF87 has an HMG box
in the carboxy-terminal region, which suggested to us that
it could also unwind duplex DNA. The extent of super-
helicity induced by DUF increases with increasing concen-
trations of DUF. In a reaction containing 0.25 µg DUF,
which removed about one helical turn from 0.2 µg DNA,
the molecular ratio of DUF to plasmid DNA was 15:1. In
the assay system used in this study, excess amounts of
HMG proteins are usually required to reduce the average
linking number. In the case of Hmo1, a yeast HMG
protein, as much as a 70-fold molar excess of Hmo1 over
DNA is required for supercoiling [4].
Homologues of DUF
The molecular cloning of DUF140 revealed sequence
homology between DUF140 and the Cdc68 protein of
S. cerevisiae, a protein that has been shown to regulate the
transcription of a number of apparently unrelated genes
during G1 phase [16]. This suggests the possibility that
DUF could be indirectly involved in DNA replication
through regulation of the transcription of several genes
required for DNA replication. It is well known, however,
that the genome of early embryonic Xenopus cells, in con-
trast to that of oocytes and somatic cells, is transcription-
ally inactive [31,32]. So, at least in the Xenopus embryo,
DUF may not function in the regulation of transcription
but may be directly involved in DNA replication, although
it is possible that DUF functions in the regulation of trans-
cription in somatic cells, as is the case for Cdc68. It is also
possible that DUF is required for the vigorous trans-
cription that occurs in oocytes.
DUF87 is 70% identical to the human SSRP1 [22] and
mouse T160 [21]. SSRP1 was identified as a protein that
binds specifically to DNA modified with cisplatin, a
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Figure 4
Unwinding activities of DUF (0.3 µg) assayed
using a variety of plasmid and bacteriophage
relaxed closed-circular duplex DNAs (0.2 µg).
∆L, change in the average linking number.
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highly effective antitumor drug that forms covalent
adducts with DNA. To date, the function of SSRP1 in vivo
has not been clarified. A cDNA clone of mouse T160 was
isolated by screening an expression library with a probe
containing V(D)J recombination signal sequences. These
sequences are postulated to form stem–loop structures
that are similar to the cruciform structures recognized by
HMG box proteins, so by analogy, DUF might interact
with them and be involved in V(D)J joining. But DUF
probably has another role in Xenopus eggs and embryos
because there is no V(D)J recombination in these cells. 
The amino-terminal three-quarters of DUF87 share 35%
identity to the entire length of the yeast Pob3 protein,
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Figure 5
Deduced amino-acid sequences of DUF140
and DUF87. (a) Comparison of the deduced
amino-acid sequences of DUF87, mouse T160
[21], human SSRP1 [22] and S. cerevisiae
Pob3 [20]. Identical amino acids are boxed. An
HMG box is heavily underlined. Peptide
sequences derived from the 87 kDa
polypeptide are underlined with dotted lines.
(b) Comparison of the deduced amino-acid
sequences of DUF140 and S. cerevisiae
Cdc68 [16]. The domain rich in acidic amino
acids is heavily underlined. Peptide sequences
derived from the 140 kDa polypeptide are
underlined with dotted lines. The sequences of
DUF87 and DUF140 are available in the
DDBJ, EMBL, and GenBank nucleotide
sequence databases with accession numbers
AB004793 and AB004794, respectively.
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which is suggested to form a complex with Cdc68 [20].
The complex of Cdc68 and Pob3 may be the yeast equiva-
lent of DUF. Wittmeyer and Formosa [20] reported that
Cdc68 and Pob3 interact with Pol1, and that cdc68-1
mutants arrest as unbudded cells with unreplicated DNA,
suggesting that Cdc68 and Pob3 function in the prereplica-
tive stage by helping Pol1 to access its chromatin sub-
strate. We have not obtained any evidence for a physical
interaction between DUF and DNA polymerase α in
Xenopus egg extracts, however; DUF probably plays a dif-
ferent role in DNA replication in Xenopus egg extracts from
that postulated in yeast by Wittmeyer and Formosa [20].
Unlike DUF87, Pob3 does not contain an HMG box
(Figure 5a), suggesting that Pob3 may not be a functional
equivalent of DUF87. Since an HMG box is thought to be
an important DNA-binding motif for modulating DNA
structure, it is plausible that the function of Pob3 without
HMG motifs in DNA replication is different from that of
DUF87. Alternatively, it is possible that a yeast HMG
protein may interact with the Cdc68–Pob3 complex to form
a yeast homologue of DUF. Elucidating the functional 
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Figure 6
Properties of anti-DUF140 and anti-DUF87 antibodies. (a) Xenopus
egg extracts were immunoblotted with anti-DUF140 polyclonal
antibody (left lane) and anti-DUF87 monoclonal antibody (right lane).
(b) After the egg extracts were treated with Protein A–Sepharose
conjugated to anti-DUF140 (depleted) or control rabbit IgG (mock),
DUF in the supernatants was immunoblotted with anti-DUF140 (upper
lanes) or anti-DUF87 (lower lanes). 
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Figure 7
Immunodepletion of DUF from Xenopus egg
extracts. (a,b) Effect of immunodepletion on
DNA synthesis using sperm chromatin as a
template. DNA replication of sperm chromatin
in untreated (control), mock-treated (mock), or
anti-DUF140-treated (depleted) extracts was
(a) measured by electrophoresis and
autoradiography and (b) quantified using an
image analyzer Fuji BAS2000. The
quantification of results from (a) is shown as
‘exp. 1’ in (b). After the addition of purified
DUF (0.6 µg) to the anti-DUF140-treated
extract, DNA replication was measured (re-
addition in exp. 2, exp. 3 and exp. 4). In
untreated extracts, about 60% of input sperm
chromatin was consistently replicated. (c) The
DNA products (from exp. 3) synthesized in the
mock-depleted extracts (mock), anti-DUF140-
depleted extracts (depleted) or anti-DUF140-
depleted extracts reconstituted with purified
DUF (readdition) using sperm chromatin as a
template were ultracentrifuged in CsCl under
alkaline conditions. The positions of the heavy
(H; ρ = 1.801 g/ml) and light (L; ρ = 1.740 g/ml)
density single-stranded DNAs, respectively,
were determined as described [37]. (d) Effect
of immunodepletion on DNA synthesis using
plasmid DNA as a template. Products of DNA
synthesis using supercoiled pSV00CAT DNA
in mock-treated (mock) and anti-DUF140-
treated extracts (depleted) was analyzed by
two-dimensional agarose gel electrophoresis
[37] followed by autoradiography. The
meaning of the straight lines and arcs is
explained in the text.
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difference between Pob3 and DUF87 may shed light on
the role of the HMG-motif contained in DUF87.
Function of DUF in vivo
What is the function of DUF in vivo? It is possible that
DUF promotes the initiation and/or elongation step(s) of
DNA replication by modulating higher-order chromatin
structure and facilitating access of the replication machinery
to template DNA. Several reports have suggested that
HMG proteins are involved in the regulation of DNA
replication. For instance, transcriptionally active chro-
matin is preferentially replicated early in S phase [33], and
HMG proteins are preferentially associated with chro-
matin domains containing transcriptionally active genes
[34,35]. Hmo1, which is a yeast HMG1/2 homologue that
changes higher-order chromatin structure, is required for
normal growth and plasmid maintenance [4]. Vestner et al.
reported that HMG-17 enhances the replication of SV40
DNA in the form of chromatin but not as naked DNA,
suggesting that HMG-17 unfolds the chromatin to facili-
tate the passage of the replication machinery [11] . By con-
trast, Cdc68, a yeast homologue of DUF140, has been
proposed to function in forming a chromatin structure that
ensures appropriate transcription [16,17].
Recently, various factors have been identified that affect
chromatin structure in such a way as to facilitate trans-
cription initiation. These include the SWI/SNF and RSC
complexes in S. cerevisiae, and CHRAC and NURF of
Drosophila [36]. These factors facilitate interaction of trans-
cription factors with regulatory elements by modifying the
structure of chromatin in an ATP-dependent manner [36].
In addition to these ATP-dependent chromatin remodel-
ing complexes, a heterodimeric protein named FACT was
identified as a factor that facilitates transcript elongation
through nucleosomes without ATP [37]. Alexiadis et al.
reported that CHRAC remodels the chromatin structure at
the SV40 origin using the energy of ATP hydrolysis, allow-
ing large T antigen to bind to the origin and thus resulting
in efficient initiation of DNA replication [38]. It is plausi-
ble that DUF could modulate chromatin and facilitate the
formation of a chromatin structure that is suitable for chro-
matin replication without ATP, just as FACT does in the
transcription of chromatin. 
Conclusions
DUF is a heterodimeric factor purified from Xenopus egg
extracts that unwinds duplex DNA in the presence of
eukaryotic topoisomerase I. Cloning and sequencing of the
two polypeptides of DUF revealed homology of one to a
mammalian HMG protein, T160/SSRP1, and of the other
to S. cerevisiae Cdc68. Immunodepletion of DUF from
Xenopus egg extracts reduced DNA replication, suggesting
that DUF plays an important role in eukaryotic DNA
replication by modulating chromosomal DNA structure.
Detailed investigations of the effect of DUF on chromatin
will provide new insights into the regulation of eukaryotic
DNA replication.
Materials and methods
Purification of DUF from Xenopus egg extracts
All buffers used for the purification of DUF contained 0.2 µg/ml each
leupeptin, chymostatin, and pepstatin, and 0.5 mM dithiothreitol. Egg
extracts were prepared from calcium-ionophore-activated Xenopus eggs
as described [39]. After the addition of NaCl to a final concentration of
0.5 M, the egg extracts were centrifuged at 250,000 × g for 90 min. The
resultant supernatants were filtered through a G3000SW gel filtration
column (Tosoh) equilibrated with buffer A (20 mM Tris–HCl pH 7.5, 1
mM EDTA, 0.2 M NaCl, 10% glycerol). Fractions containing a protein
with an apparent molecular mass of about 250 kDa were dialyzed
against buffer B (20 mM MES pH 6.5, 1 mM MgCl2, 20% glycerol) con-
taining 0.15 M NaCl, and loaded onto an SP–Sepharose column (Phar-
macia) equilibrated with buffer B containing 0.15 M NaCl. The adsorbed
proteins were eluted with buffer B containing 1.0 M NaCl and dialyzed
against buffer C (20 mM Tris–HCl (pH 7.5), 1 mM MgCl2, 20% glycerol)
containing 50 mM NaCl. The SP–Sepharose fraction was loaded onto a
DEAE–5PW column (Tosoh) equilibrated with buffer C containing
50 mM NaCl. Proteins were eluted with a linear gradient of NaCl
(0.05–0.5 M) in buffer C. Fractions eluted by 0.25–0.35 M NaCl were
dialyzed against buffer B containing 0.15 M NaCl and loaded onto an
SP–5PW column (Tosoh) equilibrated with buffer D (20 mM potassium
phosphate pH 7.5, 1 mM MgCl2, 20% glycerol) containing 0.15 M
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Figure 8
(a) The effect of immunodepletion of DUF on
nuclear formation in egg extracts.
Demembranated sperm chromatin was
incubated in mock-treated (mock) or anti-
DUF140-treated (depleted) egg extracts for
90 min. DUF and synthesized DNA were
visualized by indirect immunofluorescence
with anti-DUF140 antibody followed by
secondary FITC-labeled anti-rabbit IgG and
Texas-red-labeled streptavidin. Total DNA was
visualized by DAPI staining. (b) Exclusion of
rhodamine-conjugated IgG from the nuclei
assembled in the depleted extract.
Demembranated sperm nuclei were incubated
in mock (mock) or DUF-depleted (depleted)
extracts for 90 min; rhodamine-conjugated IgG
was added and immediately visualized with
immunofluorescence microscopy. A loss of
DUF immunostaining and the absence of DNA
replication were assessed in the same DUF-
depleted extract. Phase: phase contrast image
of the reconstituted nuclei. Scale bar, 20 µm.
(a) (b)
Mock
Depleted
Mock
Depleted
Current Biology   
Phase    RhodamineDAPI      Anti-DUF   Texas-red    Phase
NaCl. Following elution with a linear gradient of NaCl (0.15–1.5 M) in
buffer D, fractions eluting at 0.35–0.45 M NaCl were dialyzed against
buffer D containing 0.2 M KCl and subjected to Heparin–5PW column
chromatography (Tosoh). A linear gradient of KCl (0.2–1.5 M) in buffer
D eluted the supercoiling activity at 0.40–0.50 M KCl. This fraction was
dialyzed against buffer D and loaded onto a hydroxyapatite column
(HA1000; Tosoh) equilibrated with buffer D. The column was eluted
with a linear gradient of potassium phosphate pH 7.5 (0.02–0.8 M),
containing 1 mM MgCl2 and 20% glycerol. Fractions eluting at
0.25–0.30 M potassium phosphate were dialyzed against buffer E
(20 mM Tris–HCl pH 7.5, 1 mM MgCl2, 50 mM NaCl, 50% glycerol) to
yield purified DUF.
DNA unwinding assay
The unwinding activity was assayed by the method of Dean and
Hurwitz [24] with the modification that calf thymus topoisomerase I
(TopoGEN) and topoisomerase-I-relaxed closed-circular pSV00CAT
DNA were included in the reaction mixture. Standard reaction mixtures
(50 µl) contained 25 mM Tris–HCl pH 7.5, 1 mM DTT, 4 mM ATP,
40 mM creatine phosphate, 250 µg/ml creatine kinase, 0.4 mg/ml
bovine serum albumin, 10% glycerol, 6 units of calf thymus topoiso-
merase I, 0.2 µg of relaxed closed-circular pSV00CAT DNA, and DUF.
Reactions were carried out at 37°C for 1 h and terminated by the addi-
tion of a stop solution (50 µl) consisting of 1% sodium dodecyl sulfate,
0.5 M EDTA, 0.5 M NaCl, 1 µg glycogen, and 5 µg proteinase K. After
deproteinization, DNA superhelicity was measured by electrophoresis
in an agarose gel (1%) containing chloroquine phosphate at a concen-
tration of 4 µg/ml which introduced positive superhelicity to duplex
DNA. Chloroquine in the agarose gel caused the relaxed duplex DNA
to accumulate a few positive supercoils and to migrate faster than
nicked circular duplex DNA (form II) [25]. The supercoiling activity of
DUF was measured by detecting the slower-migrating topoisomers that
had less positive superhelicity than the faster-migrating topoisomers
(which are not supercoiled). Each band was assigned an integral value
to represent the linking number of topoisomers. Changes in the
average linking number (∆L) were calculated as described [24].
Production of antibodies and immunodepletion
An anti-DUF140 antiserum against a bacterially expressed DUF140
fragment (AA302-1036) was raised in rabbits, and the antibody was
affinity purified. Anti-DUF87 monoclonal antibodies were prepared as
follows. A BALB/c mouse was immunized with purified DUF by
intraperitoneal injection. After immunization, spleen cells were fused
with mouse myeloma cells. Hybridoma clones were selected in HAT
medium. The clones producing anti-DUF87 antibodies were subcloned
by limiting dilution and single cell cloning. Protein A–Sepharose beads
conjugated to nonimmune rabbit IgG or anti-DUF140 antibody were
added to S-phase egg extracts at a final ratio of 1:2 (v:v). The mixtures
were incubated for 1 h at 4°C with occasional swirling. The beads were
then removed by centrifugation to yield the mock-treated and anti-
DUF140-treated extracts.
DNA replication in egg extracts
The extracts were mixed with 25 mM phosphocreatine, 75 µg/ml crea-
tine phosphokinase, 125 µg/ml cycloheximide, and 10 µCi/ml of
[α-32P]dCTP. Demembranated sperm nuclei [39] were added at a final
concentration of 100 nuclei per microlitre and incubated for 1h at
23°C. After incubation, DNA products were prepared by phenol/chlo-
roform extraction and ethanol precipitation and were analyzed by elec-
trophoresis in agarose gels (1%) and autoradiographed. For density
analysis, demembranated sperm nuclei were incubated in egg extracts
containing 10 µCi/ml of [α-32P]dCTP and 0.25 mM BrdUTP. Incuba-
tion was performed at 23°C for 3 h, and the DNA products were pre-
pared as described above. CsCl density gradient centrifugation was
then carried out as described [40]. For two-dimensional agarose gel
electrophoresis, supercoiled pSV00CAT (5 µg/ml) was added to
extracts containing 25 mM phosphocreatine, 75 µg/ml creatine phos-
phokinase, 125 µg/ml cycloheximide, and 10 µCi/ml of [α-32P]dCTP.
After incubation at 23°C for 1 h, the DNA products were prepared by
phenol/chloroform extraction and ethanol precipitation. The DNA prod-
ucts were digested with Pvu II and subjected to two-dimensional
agarose gel electrophoresis as described [40].
Indirect immunofluorescence microscopy
Demembranated sperm chromatin (500 nuclei per microlitre) were incu-
bated in 10 µl egg extract containing 10 µM biotin-14-dCTP at 23°C.
After incubation, the samples were fixed by adding 50 µl NWB (200 mM
sucrose, 15 mM Hepes–NaOH pH 7.4, 50 mM NaCl, 2.5 mM MgCl2,
and 1 mM DTT) containing 3.7% formaldehyde [41]. After 10 min incu-
bation at room temperature, the nuclei were pelleted onto coverslips by
centrifugation at 1,200 × g for 10 min through NWB containing 25%
glycerol [39]. The coverslips were washed with NWB and then incu-
bated for 1 h at 37°C with affinity-purified rabbit anti-DUF140 antibody
(diluted 1:200 in PBS). After incubation, the coverslips were washed
three times with NWB and incubated with FITC-labeled anti-rabbit IgG
(diluted 1:300 in PBS) and Texas-red-labeled streptavidin. The cover-
slips were again washed three times with NWB and mounted on glass
slides with a fixing solution (3.7% formaldehyde, 2 µg/ml DAPI, 80 mM
KCl, 15 mM NaCl, 50% glycerol, 15 mM Pipes–KOH pH 7.2. For exclu-
sion analysis of rhodamine–IgG, after incubation of demembranated
sperm chromatin with egg extract (10 µl), the samples were incubated
with rhodamine-conjugated goat IgG (1 µl). After 10 min incubation at
23°C, the samples were mounted on glass slides without fixing.
Isolation and sequencing of DUF140 and DUF87 cDNA clones
DUF purified from Xenopus S-phase egg extracts was subjected to
SDS–PAGE. The DUF140 and DUF87 polypeptides were digested
after blotted onto PVDF membranes or within gels with A. chromobac-
ter protease I (a kind gift from T. Masaki, Ibaraki University) or endopro-
teinase Asp-N. The peptides produced were sequenced using a model
477A automated protein sequencer connected on-line to a model
120A PTH-Analyzer (Perkin Elmer). Four sequences, KKYETVIM-
PVFGISTPF, KSNVSYK, KYTEGVQ, KDWDELEEEARK, were
obtained from the 140 kDa polypeptide (DUF140) and four sequences,
KYDGFRE, KTFDYKIP, DAYLERMKEEGKI, DESFNPGEEE, were
obtained from the 87 kDa polypeptide (DUF87). For the cDNA cloning
of DUF140, two degenerate oligonucleotides (5′-AA(A/G)GA(T/C)-
TGGGA(T/C)GA(A/G)(T/C)T(T/C/A/G)GA(A/G)GA(A/G)GC-3′ and
5′-AA(A/G)TA(T/C)GA(A/G)AC(T/C/A/G)GT(T/C/A/G)AT(T/C/A)-
ATGCC-3′) were used to screen a λZAPII cDNA library of Xenopus
oocytes (a kind gift from H. Nojima, Osaka University). Two clones pos-
itive for hybridization to both synthetic oligonucleotide probes were iso-
lated. The clone containing a 4.2 kb cDNA was sequenced and found
to contain the entire open reading frame. For the cDNA cloning of
DUF87, two pairs of primers (5′AC(T/C/A/G)TT(T/C)GA(T/C)-
TA(T/C)AA(A/G)AT(T/C/A) CC-3′ and 5′-AT(T/C)TT(T/C/A/G)CC-
(T/C)TC(T/C)TTCAT(T/C/A/G)C-3′; and 5′-ATGAA(A/G)GA(A/G)GA-
(A/G)GG(T/C/A/G)AA(A/G)AT(T/C/A)(C/A)G-3′ and 5′-GC(T/C)TT-
(T/C/A/G)C(G/T)(A/G)TCCCA(T/C/A/G)TC(T/C) TC-3′) were used
for PCR to produce two probes for screening a λgt11 cDNA library of
Xenopus oocytes (CLONTECH). Two clones positive for both probes
were isolated. The clone containing a 2.0 kb cDNA was sequenced,
and found not to contain the 3′ terminus of the ORF. To screen for the
3′-terminal region, 3′ RACE (GIBCO BRL) was performed using a syn-
thetic oligonucleotide (5′-CCCTCGCAAGTTCCTCTAGTGCTGAC-
AG-3′) as the 5′ primer. The cDNA clones were subcloned into
pUC118, pUC119, or pBR322, and the DNA sequence was deter-
mined by an automatic sequencer.
Supplementary material
A figure showing the effect of DUF depletion on DNA polymerase-
α- primase activity is published with this paper on the internet.
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S1Supplementary material
Figure S1
DNA polymerase α-primase activity was detected with [α-32P] using
single-stranded circular M13 DNA (10 µg/ml) as a template in mock-
treated (mock) or anti-DUF140-treated (depleted) extracts. DNA
synthesis was (a) measured by autoradiography and (b) quantified
using an image analyzer Fuji BAS200. Anti-DUF140-treated extracts
showed low ability to replicate sperm chromatin despite high DNA-
polymerase α-primase activity. The same egg extract and DUF-depleted
extract used in exp. 2 of Figure 7b were used in this experiment.
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